Introduction
Adaptive responses to stress exposure are critical to an organism's survival and rely upon a precisely tuned constellation of neurotransmitters and neurohormones acting both centrally and peripherally (Korte et al., 2005) . Moreover, the etiology of stressinduced mood disorders is thought to involve a combination of pathological neuroadaptations that include alterations in both stress-related neurocircuitry and signaling (Bale, 2006) . Dynorphins, the endogenous ligands for the -opioid receptor (KOR) (Chavkin et al., 1982) , are released and upregulated during stress exposure (Panerai et al., 1987; Shirayama et al., 2004; , and these endogenous opioid neuropeptides have emerged as critical mediators of several stress-related behaviors (Knoll and Carlezon, 2010; Lemos and Chavkin, 2010; Wee and Koob, 2010) . For example, genetic deletion of either prodynorphin or KOR or pharmacological blockade by KOR antagonists reduce stress-induced anxiety-like, depression-like, and proaddictive behaviors Knoll and Carlezon, 2010) . However, the cellular and molecular mechanisms by which the dynorphin-KOR system regulates neuronal excitability in limbic regions and ultimately produces its behavioral effects remain unclear.
Activation of KOR either pharmacologically or following release of endogenous dynorphins results in both membranedelimited G␤␥ regulation of ion channel conductance and mitogen-activated protein kinase (MAPK) signaling . Prolonged or repeated activation of KOR also stimulates the G-protein kinase 3/␤-arrestin signaling cascade that subsequently recruits and activates p38 MAPK (Bruchas et al., 2006 Xu et al., 2007) , and p38 MAPK activation has been shown to be required for the aversive qualities of stress as well as promoting passive coping strategies (Bruchas et al., , 2011 . Recently, we demonstrated that KOR-dependent activation of p38␣ MAPK in 5-HT neurons in the dorsal raphe nucleus (DRN) is
Materials and Methods

Subjects
Male C57BL/6 mice, age Ͼ50 d, were maintained under a 12 h light/dark cycle (7:00 A.M. to 7:00 P.M. light) with access to standard food and water ad libitum. All procedures on animal subjects were approved by the University of Washington IACUC committee. Mice that were housed together (2-4 per cage) were subjected to the same behavioral treatment. Prodynorphin (Dyn Ϫ/Ϫ ) knock-out mice and p38␣CKO SERT mice were derived as described by Sharifi et al. (2001) and Bruchas et al. (2011) , respectively, and have been backcrossed to C57BL/6 background Ͼ10 generations.
Swim stress
Mice were subjected to a 2 d swim stress procedure in which they were exposed to a 15 min swim session on day 1, then were exposed to four 6 min swim sessions in 29.0 -31.0°C water, separated by 6 min and conducted under bright light (690 -700 lux) conditions on day 2 as previously described (McLaughlin et al., 2003a) .
Tail flick
Stress-induced analgesia was assessed using the warm water (52.5°C) tail withdrawal assay as described previously (Vaught and Takemori, 1979; Melief et al., 2010) .
Immunohistochemistry
Tryptophan hydroxylase immunohistochemistry staining and intracellular labeling. During electrophysiological recordings, cells were filled with biocytin (0.1%; Sigma-Aldrich) present in the recording electrode. After recording, slices were fixed by submersion in 4% paraformaldehyde prepared in 0.1 M phosphate buffer (PB; pH 7.4). Sections were incubated with mouse anti-TPH (tryptophan hydroxylase) antibody (1:500, SigmaAldrich) for 12-16 h at room temperature (RT). Subsequently, immunohistochemical labeling was visualized using Alexa Fluor 488 (1:500; Invitrogen)-conjugated goat anti-mouse secondary antibody for 90 -120 min at RT. Biocytin was visualized using streptavidin-conjugated Alexa Fluor 647 (1:500, Invitrogen) contained in the same secondary antibody mixture. Between incubations, slices were rinsed with PBS (3 ϫ 10 min) and all incubations were done with mild agitation on an orbital shaker.
Phospho-antibody immunohistochemistry. Methods for immunohistochemistry experiments were similar to those reported previously . Mice were intracardially perfused with 4% paraformaldehyde in 0.1 M PB. It has been our experience that phosphoprotein immunoreactivity (ir) is of higher quality if PBS perfusion before 4% paraformaldehyde is omitted. Brains were dissected and cryoprotected with 30% sucrose in 0.1 M PB at 4°C overnight (or until the brains submerged), frozen and cut into 30 m sections using a Leica SM200R microtome, and placed in 0.1 M PB with 0.1% sodium azide until processing. We had previously generated a rabbit polyclonal antibody against the phosphorylated Ser369 residue of KOR (McLaughlin et al., 2003b) ; an equivalent antisera is now available commercially at Abcam. We also generated a rabbit polyclonal antibody against the phosphorylated-Tyr 12 residue of K IR 3.1 (GIRKp) as described by Ippolito et al. (2005) . Standard immunohistochemical procedures were performed to obtain phospho-KOR (KORp) (Abcam, ab63511), phospho-p38 MAPK (mouse monoclonal sc-7973) and p38␣ (rabbit polyclonal sc-535; Santa Cruz Biotechnology) and pY12-K IR 3.1staining. Briefly, floating sections were washed 3 ϫ 10 min in PBS and then blocked for 60 min Cells were filled with biocytin and postfixed following the conclusion of recording to assess for the presence of TPH. Cells were considered 5-HT-positive if the biocytin-filled cell (green) colocalized with TPH (red). Recordings were confined to the dorsal and ventromedial aspect of the mid to caudal DRN. Scale bar, 20 m. B, Representative traces (inset; calibration, 25 ms, 100 pA) and time course of normalized evoked EPSC amplitude before and after U69,593 (500 nM, 1000 nM) application. Electrical stimulation (100 -1000 A) was delivered in a pairwise fashion to the slice with an interstimulus interval of 50 ms (arrows). C, Four responses from baseline. U69,593 values at 500 and 1000 nM were averaged to get mean drug responses relative to baseline (**p Ͻ 0.01). Both concentrations of significantly decreased the normalized eEPSC amplitude compared with baseline. D, There was a significant correlation between the percentage inhibition of eEPSC amplitude and the percentage increase in paired pulse ratio (r 2 ϭ 0.3912, p Ͻ 0.05) N ϭ 12 for all graphs.
in 5% normal goat serum, 0.3% Triton-X in PBS. Importantly, we have found that for these phospho-antibodies use of floating sections produces higher quality staining than thaw mounted sections. Sections were incubated in primary antibody at different concentrations, temperatures and incubations for each antibody: KORp (1:200, 72 h at 4°C); mouse anti-phospho-p38 MAPK/rabbit anti-p38␣ (Santa Cruz Biotechnology; 1:50, 36 h RT or 72 h at 4°C); affinity-purified GIRKp [1:100 for 72 h at 4°C; the concentration was based on a 750 g protein/ml yield as described previously (Ippolito et al., 2005) ]. Often slices were colabeled with mouse anti-TPH (Sigma) at 1:1000; guinea pig anti-Dynorphin B (Peninsula Laboratories) was used at 1:200. Slices were then washed in PBS 10 -15 min ϫ 3 and incubated in goat Alexa Fluor antibody (mouse or rabbit, respectively) at 1:500 -1:750 for 2 h at RT. Following secondary antibody incubation, slices were washed 3 ϫ 10 min in PBS, then 2 ϫ 10 min in 0.1 M PB. Sections were then mounted on Superfrost plus slides and coverslipped with Vectashield (Vector Laboratories). Standard epifluorescent and confocal microscopy techniques (Nikon Eclipse E600 and Leica SL, respectively) were used to image sections for both TPH confirmation and phospho-antibody staining. For comparisons of phospho-ir from different behavioral treatment groups, three animals for each group were perfused, sectioned and processed in parallel. Imaging of sections from animals exposed to different treatments were done at the same time with the same camera settings. As it is typical for different rounds of staining to yield different immunoreactive intensities, images from each treatment group displayed in this study came from the same round of staining. The pattern of KORp-ir and GIRKp-ir across treatment groups seen in the dorsal raphe was similar to that previously reported both in vitro and in vitro (Ippolito et Phospho-p38-ir quantification. The selectivities of both the p38␣ and phospho-p38 MAPK antibodies were previously established using both viral vector expression and conditional gene knock-out approaches (Bruchas et al., 2011) . We quantified phospho-p38 MAPK-ir using MetaMorph software as a ratio of phosphop38 MAPK-positive cells to p38␣-positive cells (i.e., colocalized). Similar quantification of GIRKp-ir and KORp-ir could not be performed since the antibodies against the unphosphorylated forms of GIRK and KOR were also raised in rabbits. We have previously confirmed that p38␣ is the isoform that is phosphorylated following KOR activation (Bruchas et al., 2011) . Cells are considered positive for the protein if the intensity of the immunoreactivity is one-SD above the average background pixel intensity.
Electrophysiology
Procedures were similar to those previously reported (Lemos et al., 2006 . Mice were decapitated, head placed in ice-cold sucrose buffer during the dissection, and the brain rapidly removed and blocked. The blocked tissue was mounted on the stage of a Leica VT1000S vibratome and surrounded in oxygenated sucrose buffer. Sections (200 m thick) were cut through the raphe nuclei in sucrose and then placed in oxygenated 95%O 2 /5%CO 2 artificial CSF (ACSF) incubated in a 35Ϫ37°C bath for 1 h. The slices were then removed from the bath and kept in oxygenated ACSF at RT. ACSF was composed of the following (in mM): 124 NaCl, 2.5 KCl, 2 NaH 2 PO 4 , 2.5 CaCl 2 , 10 Dextrose, and 26 NaHCO 3 . The sucrose buffer was ACSF in which NaCl was replaced by 248 mM sucrose.
Slices were placed in a recording chamber (Warner Instruments) and continuously perfused with oxygenated ACSF at ϳ1.5 ml/min, maintained at 30Ϫ32°C by an inline solution heater (TC-324, Warner Instruments). For recording EPSCs or GIRK currents, the resistance of the electrodes was 5-10 M⍀ when filled with an internal solution of (in mM) 130 K-gluconate, 5 NaCl, 10 Na phosphocreatine, 1 MgCl 2 , 0.02 EGTA, 10 HEPES, 2 MgATP, 0.5 Na 2 GTP, 0.1% Biocytin, pH 7.3. For measuring IPSCs, the resistance of the electrodes was 4 -8 M⍀ when filled with an intracellular solution of (in mM) 70 K-gluconate, 70 KCl, 2 NaCl, 10 Na phosphocreatine, 4 EGTA, 10 HEPES, 2 MgATP, 0.3 Na 2 GTP, 0.1% Biocytin, pH 7.3. Whole-cell recordings in voltage-clamp were performed on cells in the ventromedial and dorsomedial aspect of the DRN. The cell was voltageclamped at Ϫ70 mV using an Axopatch 200B amplifier (Molecular Devices). Signals were digitized by a Digidata 1440 A/D converter (Molecular Devices) and stored using pClamp 10.2 software (Molecular Devices). EPSCs were isolated using picrotoxin (10 M; Sigma-Aldrich) and CGP 55845 (1 M; Tocris Bioscience). IPSCs were isolated using DNQX (20 M) and APV (50 M; Tocris Bioscience). For evoked recordings, the stimulating electrode was placed 150 -200 m dorsolateral of the recording site. Paired pulse stimulation (1 ms pulse width, 50 ms interstimulus interval, 100 -1000 A) was delivered every 10 s. A midrange output response was used as baseline for each cell (e.g., approximately the middle of an input-output curve) to allow for observation of either positive or negative regulation by U69,593
For mPSCs, TTX (1 M; Calbiochem) was added to the bath. For GIRK current experiments, once a recording had been established, the slice was bathed in 5.5 mM K ϩ ACSF (from 2.5 mM K ϩ ) to enhance the ,593 significantly decreased mEPSC frequency by 43% on average that was blunted in slices incubated with norBNI following a stable baseline Bonferroni post hoc,*p Ͻ 0.05, N ϭ 7 for both groups). E, U69,593 had no effect on mEPSC amplitude in slices with or without norBNI (*p Ͻ 0.05, N ϭ 7 for both groups).
currents in the cells at hyperpolarized potentials. As expected, when the slice was incubated in high [K ϩ ], the cells became more depolarized and inward rectification was more apparent. This increased current was blocked by 100 M BaCl 2 (Williams et al., 1988) . The cells were subjected to a voltage-ramp protocol in which they were brought from Ϫ120 mV to Ϫ50 mV over 10 s. After three stable ramp measurements (the average of three sweeps) were obtained, U69,593 (1000 nM) was bath applied and the slice was allowed to equilibrate for 3 min. Subsequently three ramp measurements were taken every 3 min for 12 additional minutes and the last three ramp measurements (after 15 min of U69,593 application) were averaged. Following U69,593 application and stable current responses, BaCl 2 (100 M) was added to distinguish Ba 2ϩ -sensitive GIRK currents.
Data analysis and statistics
Electrophysiological data were analyzed using Clampfit 10.2 (Molecular Devices) and MiniAnalysis 6.0.7 software (Synaptosoft). Oneway repeated-measures ANOVAs or paired t tests were used for within-cell experiments ( predrug baseline vs postdrug effect). We used unpaired t tests as well as one-way and two-way ANOVAs as specified in the Results, for comparisons made across behavioral treatment groups and genotypes. The responses of individual cells were considered as a separate N, as is standard for electrophysiology experiments; however, when comparing differences between different behavioral treatment groups (i.e., naive vs stress), a minimum of 3 animals from at least two different cages were used per group.
Results
The dorsal raphe is a heterogeneous nucleus containing ϳ70% 5-HT and 30% non-5-HT containing neurons (Kirby et al., 2003) . Recordings were confined to the dorso-and ventromedial aspect of the dorsal raphe (see representative low-power image; Fig. 1A, left) , which has the highest density of the 5-HT-containing neurons. Additionally, during electrophysiological recordings, cells were filled with biocytin and subsequently slices were postfixed and processed using standard immunohistochemical procedures to distinguish serotonergic (TPH-ir-positive) and nonserotonergic cells (Fig. 1A) . Only 12% of cells were not positively identified as serotonergic neurons, and these were not included in the subsequent analysis.
-opioid activation in serotonergic dorsal raphe neurons has a net inhibitory effect Following 5-10 min of stable baseline evoked EPSC (eEPSC) amplitude responses, the -opioid receptor agonist, U69,593 (500 nM, then 1000 nM) was bath applied to the slice; both eEPSC amplitude and paired paired-pulse ratio were measured. Representative traces are provided demonstrating that KOR activation by U69,593 decreased eEPSC amplitude of the first evoked EPSC (red line) compared with baseline responses (black line) ( Fig. 1 B,  inset) . U69,593 at 500 and 1000 nM significantly inhibited eEPSC amplitudes by 31 Ϯ 6% and 37 Ϯ 8% respectively (F (2,29) ϭ 13.53, p Ͻ 0.0001, one-way repeated-measures ANOVA with Dunnett's post hoc t test, Fig. 1 B, C) . We verified that cumulative dosing did not result in KOR desensitization by showing that 5 M U69,593 added to a previously untreated slice did not produce a greater inhibition than 500 or 1000 nM added cumulatively (data not shown). Inhibition of eEPSC amplitude significantly correlated with the increase in paired pulse ratio (r 2 ϭ 0.39, p Ͻ 0.05) (Fig.  1 D) , indicating that KOR activation reduced probability of glutamate release via a presynaptic mechanism.
To further assess the site of KOR action, we also measured the effect of U69,593 (1000 nM) on miniature EPSC (mEPSC) frequency and amplitude, and representative traces are shown (Fig.  2 A) . Cumulative histograms of both the interevent interval (Fig.   Figure 3 . KOR activation by U69,593 has no effect of evoked GABAergic IPSCs or mIPSCs. A, Representative traces of eIPSCs before and following U69,593 (1000 nM) application to the slice. Calibration, 50 ms, 200 pA. B, Time course of normalized evoked IPSC amplitude responses to U69,593 (1000 nM) relative to baseline demonstrating no effect of KOR activation on GABAergic synaptic transmission (N ϭ 9). C, Representative traces of mIPSCs before and after U69,593 (1000 nM) bath application (Calibration, 40 pA, 1 s). D, E, U69,593 had no effect of mIPSC frequency or amplitude (N ϭ 6). 2ϩ -insensitive current has been subtracted. B, C, U69,593 increases significantly increases the conductance (slope) and the peak inward current (measured at Ϫ120 mV) compared with baseline measurements (**p Ͻ 0.01, N ϭ 7). D, For both untreated slices and slices preincubated with norBNI (1000 nM), the baseline current was subtracted from the current following U69,593 application to get an absolute change in peak inward current (denoted as GIRK current). U69,593 produced a 48.7 pA GIRK current that was absent in cells that had been preincubated with norBNI (**p Ͻ 0.01, N ϭ 7 for both groups).
2 B) and amplitude (Fig. 2C ) corresponding to these traces are also shown. U69,593 significantly decreased mEPSC frequency from baseline (from 7.1 Ϯ 1.8 Hz to 4.1 Ϯ 1.1 Hz, p Ͻ 0.05), which was blocked by pretreatment with the KOR antagonist norbinaltorphimine (norBNI) (1 M; from 7.6 Ϯ 1.3 Hz to 6.1 Ϯ 1 Hz, p Ͼ 0.05; norBNI treatment by time, two-way repeatedmeasures ANOVA, Bonferroni post hoc, *p Ͻ 0.05, Fig. 2 D) . U69,593 did not significantly affect mEPSC amplitude in either the presence or absence of norBNI (norBNI treatment by time, two-way repeated-measures ANOVA, Bonferroni post hoc, p Ͼ 0.05, Fig. 2 E) . These data confirm that acute activation of KOR presynaptically depresses excitatory synaptic transmission.
Because KORs regulate both glutamatergic and GABAergic transmission with similar efficacies in other brain regions (Wagner et al., 1992 (Wagner et al., , 1993 Halasy et al., 2000; Fields, 2001, 2003) , we next assessed the effects of U69,593 on both evoked IPSC (eIPSC) amplitude and miniature IPSC frequency and amplitude. As in the eEPSC experiments, a paired pulse stimulation was delivered to the slice and baseline recordings of pharmacologically isolated eIPSCs (e.g., in the presence of DNQX and APV) were obtained. KOR activation by U69,593 had no significant effect on eIPSC amplitude (representative traces, Fig. 3A ; time course, Fig. 3B ; p Ͼ 0.05) nor did it significantly affect paired pulse ratio ( p Ͼ 0.05). Similarly, U69,593 had no effect on miniature IPSC (mIPSC) (representative traces, Fig. 3C ), frequency (paired t test, p Ͼ 0.05, Fig. 3D ), or amplitude (paired t test, p Ͼ 0.05, Fig. 3E ). These data demonstrate that KORs presynaptically inhibit excitatory synaptic input without affecting GABAergic transmission in DRN 5-HT neurons, producing a net reduction in excitability.
KOR activation has also been shown to have direct, postsynaptic effects in the cells of the spinal trigeminal nucleus (Grudt and Williams, 1993) . However, this has not previously been examined in DRN. Both the conductance (slope) and peak inward currents were determined for predrug and postdrug voltage-ramp measurements (see representative traces, Fig.  4 A) . U69,593 significantly increased both the conductance (3.7 Ϯ 0.4 nS to 4.5 Ϯ 0.4 nS, paired t test, p Ͻ 0.01, Fig. 4 B) and the peak Ba 2ϩ -sensitive inward current (87.8 Ϯ 24.1 pA to 145 Ϯ 24.0 pA, paired t test, p Ͻ 0.01, Fig. 4C ). U69,593 increased the GIRK current 48.7 pA above baseline, and this effect was blocked by 1 M norBNI pretreatment (unpaired t test, p Ͻ 0.001, Fig.  4 D) . These data suggest that in stressnaive animals, KOR activation has an inhibitory effect on serotonergic neuronal excitability through both presynaptic and postsynaptic sites of action.
Repeated stress exposure reduces KOR inhibitory regulation on 5-HT neuronal excitability postsynaptically
We found evidence for dynorphin B-ir within the DRN, but in contrast to a previous study by Fu et al. (2010) , this staining was present in both TPH-ir-positive and TPH-ir-negative cells (Fig.  5A , yellow and white arrows, respectively), suggesting that dynorphin may be locally released from a heterogeneous population of cells that includes serotonergic neurons. To evoke endogenous dynorphin release in DRN, we used the previously validated 2 d repeated forced swim stress (FSS) paradigm (Mague et al., 2003; McLaughlin et al., 2003a; Fig. 5B) . This modified Porsolt procedure produced escalating immobility within the first 15 min session as well as enhanced immobility over the second day of swim sessions (F (6,54) ϭ 40.59, p Ͻ 0.0001, one-way repeated-measures ANOVA, Fig. 6 A) , indicative of increased passive coping behavior (Cryan et al., 2005) . In agreement with our previous findings (McLaughlin et al., 2003a) , this two-day swim paradigm produced significant stress-induced analgesia (as measured with the warm water tail immersion assay) that could be prevented by norBNI pre- Figure 5 . Repeated forced swim stress causes the release of dynorphin and KOR activation. A, 20ϫ fluorescent images of dynorphin and TPH colocalization with the DRN. There was evidence of dynorphin-positive cells in both TPH-negative (white arrows) and TPH-positive cells (yellow arrows) within the DRN. Scale bar, 40 m. B, Schematic of the 2 d repeated forced swim paradigm used in the study. C, Mice displayed significantly escalating immobility within the first 15 min session on day 1, from day 1 to day 2, and also across sessions on day 2 (**p Ͻ 0.01, ***p Ͻ 0.001, N ϭ 10). D, Mice showed a significant stress-induced increase in tail-withdrawal latency following exposure to the 2 d swim paradigm that was blocked by norBNI (10 mg/kg) pretreatment ( ### p Ͻ 0.001 interaction; ***p Ͻ 0.001 post hoc Bonferroni, N ϭ 7-21). E, Two day repeated swim stress produced an increase in phospho-KOR-ir compared with naive animals that returned to basal levels 24 h after the last swim session. Scale bar, 100 m. treatment (time by behavioral treatment, F (2,36) ϭ 9.969, p Ͻ 0.001, two-way repeated-measures ANOVA, Fig. 5D ), indicating that this stress exposure evoked dynorphin release. We previously showed that dynorphin release can be detected by an increase in KOR phosphorylation (KORp-ir) (McLaughlin et al., 2003b) ; agonist activated KOR is a substrate for G-protein Receptor Kinase (GRK3) which phosphorylates ser369 in the C-terminal tail of KOR. Endogenous dynorphin released by neuropathic pain stress or administration of the stress-related peptide corticotropin releasing factor intracerebroventricularly increased KORp-ir in wild-type mice but not in mice lacking the gene for preprodynorphin (Dyn Ϫ/Ϫ ; Xu et al., 2004; Land et al., 2008) . Using increases in KORp-ir to detect sites of endogenous dynorphin action in the present study, we found that KORp-ir was significantly increased in the dorsal raphe nucleus evident 30 min following the cessation of the last swim (Fig. 5E ). This elevation in KORp-ir returned to basal levels in animals that were allowed to recover for 24 h following the last swim session (Fig. 5E ). At higher magnification (60 and 100ϫ), we observed that KORp-ir puncta were robustly localized to the somata of DRN cells and to a lesser extent outside of the somata, interdigitated with synaptophysin-or vGlut1-positive puncta (data not shown). However, even at this resolution we could not distinguish KORp-ir in presynaptic from postsynaptic subcellular profiles. These results confirmed that the two-day swim stress paradigm produced escalating depression-like behaviors, robust and transient activation of KORs through release of endogenous dynorphins, and dynorphin-KOR-dependent stress-induced analgesia.
Repeated swim stress exposure significantly reduced subsequent in vitro postsynaptic responses to U69,593 in slices prepared 30 min after the final swim session (representative traces, Fig. 6 A) . There was no significant difference in basal GIRK current between naive and swim-stressed groups [Naive: 76.4 Ϯ 23 pA; FSS (2 d): 66 Ϯ 19.5 pA, unpaired t test, p Ͼ 0.05]. The increase in GIRK current caused by U69,593 (1 M) was 51% smaller in serotonergic neurons recorded in slices from FSStreated compared with those from naive mice (Fig. 6 B) . The reduction in KOR stimulated GIRK currents was not evident in slices from mice allowed to recover for 24 h after the final swim session (F (2,19) ϭ 4.432, p Ͻ 0.05, one-way ANOVA, Fig. 6 B) Fig.  6 B) . Thus, although multiple neurotransmitters were likely released during swim stress exposure (Cryan et al., 2005) , the most parsimonious explanation for stress-induced dysregulation of KOR responsivity is that dynorphins were being repeatedly released to activate KORs. While this does not preclude the involvement of other stress-related neurotransmitters, these data demonstrate that the reduction in KOR regulation of inward current required stress-induced endogenous dynorphin release.
Interestingly, repeated stress exposure had no significant effect on KOR regulation of excitatory presynaptic transmission recorded in serotonergic neurons (Fig. 7) . U69,593 had a similar inhibitory effects on evoked EPSC amplitude in slices from naive and FSS-exposed mice (Naive: 38% inhibition for 1000 nM; FSS: 43% inhibition for 1000 nM; p Ͼ 0.05, two-way repeated-measures ANOVA, Fig. 7A ). Cells recorded from stress-exposed mice had a significantly larger mEPSC amplitudes compared with naive animals (two-way repeatedmeasures ANOVA, main effect of behavioral treatment, F (1,10) ϭ 16.08, p Ͻ 0.01) suggesting that these cells were more excitable following FSS. The inhibition of both mEPSC frequency (behavioral treatment by time, F (1,10) ϭ 0.3210, p Ͼ 0.05, two-way repeated-measures ANOVA) and amplitude (behavioral by time, F (1,10) ϭ 3.024, p Ͼ 0.05, two-way repeated-measures ANOVA) by U69,593 was not significantly different in 5-HT neurons from naive compared with stressexposed animals (Fig. 7 B, C) . The trend for U69,593 to slightly decrease mEPSC amplitude observed in naive animals was significant in stress-exposed animals ( post hoc t test, p Ͻ 0.01). The lack of a sustained effect of dynorphin release on the excitatory inputs suggests that either the presynaptic KORs were not desensitized or that their desensitization quickly recovered. Together, these data demonstrate that repeated stress exposure selectively disrupts the inhibitory actions of KOR on excitability postsynaptically while keeping the presynaptic inhibition of glutamatergic synaptic drive intact (represented schematically in Fig. 7D ).
Stress-induced reduction in KOR signaling in 5-HT neurons of the DRN is p38␣ MAPK dependent
Animals perfused 30 min following the final repeated stress exposure had significantly increased phospho-p38-ir compared with naive animals in DRN (Fig. 8 A, B) . The increased phospop38-ir recovered to baseline levels 24 h following the swim stress, and the increase was blocked by norBNI administered before the swim stress (representative images, Fig. 8A; F (3,12) ϭ 4.630, p Ͻ 0.05, one-way ANOVA, Fig. 8 B) . Stress exposure did not change the number of p38␣-positive cells within the DRN ( p Ͼ 0.05, Fig. 8C ).
Using a conditional knock-out animal (p38␣CKO SERT ) in which p38␣ is specifically deleted from serotonin transporter (SERT)-containing neurons (Bruchas et al., 2011) , we assessed whether p38␣ MAPK activation following swim stress mediated the stress-induced reduction in KOR activation of GIRK current. Compared with wild-type (WT) littermates that have p38␣ expressed in both TPH-ir-positive and-negative neurons (Fig. 8 D, top) , in p38␣CKO SERT animals, p38␣-ir was only detected in TPH-ir-negative neurons. These mice also ubiquitously express a ROSA-eYFP stop-floxed reporter, where Cre recombinase expression induces a YFP signal; we also used this signal as an indirect proxy of the floxed p38␣ gene excision. Thus, to ensure that the analyzed cells from CKO animals were both TPHir-positive and had p38␣ MAPK excised, we only included biocytin filled cells that were both TPH-ir-positive and YFP-irpositive (Fig. 8 E) .
Prior studies using in vitro transfected cell culture systems had shown that opioid receptor activation of p38 MAPK caused Src phosphorylation of tyrosine-12 (Y12) in the N-terminal domain of Kir3.1 that enhances GIRK channel deactivation (Ippolito et al., 2002; Clayton et al., 2009 ). GIRK channel phosphorylation by this mechanism might have been responsible for the reduction in response to U69,593 evident in slices from FSS-exposed mice. Consistent with this hypothesis, p38␣ MAPK excision from serotonergic neurons prevented the stress-induced reduction in KOR-activated GIRK current (stress exposure by genotype, F (1,34) ϭ 4.344, p Ͻ 0.05, two-way ANOVA, Fig.  8 F) . To further test this hypothesis, we used a previously characterized antibody, GIRKp, able to detect phosphorylation of the Y12 residue of K IR 3.1 (Clayton et al., 2009 ) after either agonist treatment with U50,488 (20 mg/kg, i.p.) or repeated swim stress. Both of these manipulations produced robust increases in GIRKp-ir in TPH-ir-positive neurons compared with basal levels (Fig. 9A) . The increase in GIRKp-ir caused by FSS was blocked by pretreatment with 10 mg/kg norBNI (Fig.  9A) . Stress-induced phosphorylation of p38 MAPK and K IR 3.1 colocalized in individual cells within the DRN (Fig. 9B) .
To determine whether p38 MAPK activation also promoted phosphorylation at the KOR ser-369 site important for receptor desensitization (McLaughlin et al., 2003b) , we conducted IHC experiments in which WT or p38␣CKO SERT animals were exposed to repeated swim stress and compared with naive controls. Serial sections of the DRN from these different animals were stained for either KORp-ir or GIRKp-ir. As previously shown, repeated swim stress increased both KORp-ir and GIRKp-ir with the DRN compared with naive WT animals ( Fig. 10 A, left) . Interestingly, in p38␣CKO
SERT animals, the stress-induced increase in KORp-ir was still apparent compared with naive CKO animals (Fig. 10 A, top) . In contrast, stress-induced Figure 7 . Repeated stress exposure does not alter KOR-mediated depression of glutamatergic synaptic transmission. A, Repeated swim stress did not alter KOR inhibition of normalized eEPSC amplitude at either 500 or 1000 nM relative to measurements obtained in stress-naive animals (N ϭ 10 -12) . B, U69,593 (1000 nM) caused a similar inhibition of mEPSC frequency in 5-HT cells recorded from naive versus stress-exposed mice (behavioral treatment by time, F (1,10) ϭ 0.3210, p Ͼ 0.05, two-way repeatedmeasures ANOVA; Naive: 62 Ϯ 7.0% of baseline; FSS: 58 Ϯ 7.8% of baseline, Bonferroni post hoc tests, *p Ͻ 0.05, **p Ͻ 0.01, N ϭ 5-7). C, 5-HT cells recorded from stress-exposed animals had significantly larger mEPSC amplitudes (two-way repeatedmeasures ANOVA, main effect of behavioral treatment, F (1,10) ϭ 16.08, p Ͻ 0.01). There was not a significant difference in U69,593-induced inhibition of mEPSC amplitude between naive and stress-exposed mice (behavioral by time, F (1,10) ϭ 3.024, p Ͼ 0.05, two-way repeated-measures ANOVA; Naive: 92 Ϯ 3.3% of baseline; FSS: 89 Ϯ 2.4% of baseline). There was a trend for a small (8%) decrease in mEPSC amplitude by U69,593 in naive animals, but this was not significant (Bonferroni post hoc test, p Ͼ 0.05). U69,593 did produce a small (10%), but significant decrease in mEPSC amplitude in 5-HT cells of stress-exposed animals (Bonferroni post hoc t test, **p Ͻ 0.01), N ϭ 5-7. D, Summary of KOR regulation of DRN 5-HT neuronal excitability presynaptically and postsynaptically in stress-naive and stress-exposed mice.
GIRKp-ir was markedly blunted in CKO animals when compared with both naive CKO animals and stress-exposed WT animals ( Fig. 10 A, bottom) . These results are an in vivo demonstration that p38␣ MAPK activation is required for the phosphorylation of the Y12 residue of K IR 3.1, but p38␣ MAPK deletion does not affect the phosphorylation of the Ser369 residue of KOR (Bruchas et al., 2006 . A schematic summary of these results is shown (Fig. 10 B) . . p38␣ MAPK mediates the stress-induced reduction in KOR-activated GIRK current. A, Representative grayscale fluorescent images of phospho-p38 MAPK-ir in the DRN in naive animals, stress-exposed animals, stress-exposed animals allowed to recover for 24 h, and stress-exposed animals pretreated with norBNI. Scale bar, 200 m. B, Two day swim stress significantly increased the ratio of phospho-p38 MAPK-ir: p38␣-ir cells compared with naive animals sampled from a 40ϫ image of the medial DRN. Following 24 h of recovery, this ratio returned to baseline levels. norBNI pretreatment significantly blocked stress-induced activation of phospho-p38MAPK-ir (*p Ͻ 0.05, N ϭ 3-5 animals, triplicate sampling per N). C, There was no significant difference in total number of p38␣-positive cells acrossgroups (Nϭ3-5animals,triplicatesamplingperN) .D,Representativefluorescentimagesofp38␣-ir(redfluorescence)andTPH-ir(greenfluorescence)colocalizationintheDRNofWTandp38␣CKO SERT animals. Colocalization of both proteins is indicated by the presence of yellow fluorescence above background. p38␣-ir was present in both TPH-positive (yellow fluorescence, yellow arrows) and TPH-negative (red fluorescence only, white arrows) cells within the DRN of WT animals. In contrast, p38␣-ir was only present above background staining in TPH-negative cells in p38␣CKO SERT (red fluorescence only, white arrows). Scale bar, 100 m. E, Slices obtained from p38␣CKO SERT animals used for electrophysiological recording were postfixed following recordings and triple-labeled for biocytin (blue), TPH (red), and YFP (green) to confirm that the recorded cells were both TPH positive and YFP positive, indicating p38␣ had been excised. Scale bar, 50 m. F, Stress-induced reduction in KOR-activated GIRK current in 5-HT cells was absent in 5-HT neurons from stress-exposed p38␣CKO
SERT animals compared with their naive counterparts ( # p Ͻ 0.05 interaction, N ϭ 7-12).
Discussion
In this study, we demonstrate that KOR activation produces a net inhibitory regulation of 5-HT neuronal excitability through presynaptic inhibition of glutamatergic synaptic activity onto serotonergic neurons coupled with an increase in postsynaptic GIRK current activation. We found that the postsynaptic, but not the presynaptic inhibitory effects of KOR activation were reduced following repeated stress exposure, demonstrating a stress-induced change in the regulation of serotonergic neuron excitability. We interrogated the mechanism underlying this stress-induced dysregulation of KOR function through use of functional neuroanatomy (i.e., phosphoantibody immunohistochemistry) as well as p38␣CKO SERT transgenic animals and found that stress-induced activation of p38␣ MAPK was responsible for the reduction in acute KOR-activated GIRK current seen in 5-HT cells in the DRN of stressexposed animals. Consistent with our previous work (Ippolito et al., 2005; Bruchas et al., 2006; Clayton et al., 2009) , we found that p38␣ MAPK-dependent inhibition of KOR function was likely a consequence of the tyrosine phosphorylation of the GIRK channel initiated by p38␣ MAPK, following p38␣ MAPK's activation by KOR.
Mechanism of agonist-induced reduction of KOR activated GIRK current ex vivo
There are several possible mechanisms that could underlie our observation that KOR activation of GIRK current was reduced in stress-exposed animals. First, stress may desensitize KOR signaling through a ␤-arrestin-dependent mechanism. KOR desensitization and internalization caused by phosphorylation of Ser369 by GRK3 can result in sustained analgesic tolerance that can take weeks to recover (McLaughlin et al., 2003b) . However, we found that within the DRN, stress-induced KORp-ir as well as reduction of KOR-mediated GIRK current recovered to initial baseline levels in 24 h, suggesting that phosphorylation of KOR itself was not responsible for the observed dysregulation of response.
Alternatively, there is evidence suggesting that tyrosine phosphorylation at the N-terminal cytoplasmic domain of the GIRK channel is a potential mechanism for the p38-dependent reduction of GIRK current. In previous in vitro work, we showed that phosphorylation of two obligatory/cooperative tyrosine residues (demonstrated through BDNF exposure and activation of TrkB receptors) on K IR 3.1 (Y12 and Y67) or K IR 3.4 (Y32 and Y53) inhibit U69,693-evoked GIRK current through accelerated deactivation (Rogalski et al., 2000; Ippolito et al., 2002) . Phosphorylation of these residues does not cause basal reduction in current, consistent with our observations that basal GIRK currents were not affected by stress (Rogalski et al., 2000; Ippolito et al., 2002) . Moreover, suppression of U69,593-induced GIRK current was dependent on p38 MAPK activation of Src kinase (Clayton et al., 2009) . In vivo, neuropathic pain or swim stress caused an increase in phospho-GIRK-ir in the spinal cord that was absent in mice lacking GRK3 (Ippolito et al., 2005; Clayton et al., 2009) , which would in turn prevent p38 MAPK recruitment. Here we show p38␣ MAPK excision from serotonergic neurons was sufficient to block both stress-induced reduction of KOR-induced GIRK as well as stress-induced phosphorylation of K IR 3.1, while hav- Figure 9 . Repeated stressor exposure produces a KOR-dependent increase in phosphorylation of the tyrosine 12 residue of K IR 3.1 in the DRN. A, Fluorescent images of phospho-GIRK-ir and TPH labeling in the DRN of a stress-naive, U50,488 (20 mg/kg)-injected, stress-exposed, and norBNI ϩ stress-exposed animal. Relative to basal levels of phospho-GIRK-ir present in naive animals, U50,488 or repeated swim stress robustly increased GIRKp-ir in TPH-ir cells that was blocked by norBNI pretreatment. Scale bar, 200 m. B, Fluorescent images (40ϫ) demonstrating colocalization of phospho-p38MAPK-ir and phospho-GIRK-ir. Stress exposure increased phospho-p38MAPK-ir and phospho-GIRK-ir within the same cells in the DRN. Scale bar, 50 m.
ing no appreciable effect of phosphorylation of KOR. Since p38 is a ser/thr-selective kinase, tyrosine phosphorylation of the channel likely indirectly follows from the MAPK activation of a src-like kinase in serotonergic neurons, as previously demonstrated in transfected AtT20 cells (Clayton et al., 2009 ). Thus, our findings provide a functional consequence of repeated stress exposure in vivo that is consistent with prior work in heterologous systems.
Disparate actions of stress on presynaptic versus postsynaptic KOR function
The disparate effect of stress exposure on presynaptic versus postsynaptic KOR actions points to a fundamental difference in the molecular machinery regulating these two subcellular compartments. Recently, agonist sensitivity and differences in regulatory mechanisms of opioid receptors based on subcellular localization has been examined in pro-opiomelanocortin (POMC) neurons. Pennock and Hentges (2011) found that agonist-induced desensitization occurs postsynaptically, but not presynaptically. Moreover, these investigators found that there was greater efficacy of opioid agonism at presynaptic receptors compared with postsynaptic receptors, indicating that there may be more spare receptors available presynaptically. While clearly there are temporal differences between these findings on acute desensitization and the current study, the results of Pennock and Hentges underscores differences in agonist-induced regulation of a receptor that are dependent on subcellular localization.
Furthermore, in the current work, it is likely that the differences in pre-versus postsynaptic regulation by stress are related to subcellular differences in expression of GRK3, p38␣ MAPK and Src kinase. For example, we only observe p38 MAPK-ir in the soma and dendrites of serotonin-containing neurons. Moreover, it is likely that KOR-dependent GIRK current activation did not regulate glutamatergic release probability. It has been shown that KOR inhibition of excitatory transmission in the hippocampus is dependent on dendrotoxin-sensitive Shaker-type voltage-gated potassium channels (Simmons and Chavkin, 1996) . There has been one prior report of KOR regulation of EPSPs in the DRN in putative rat 5-HT neurons using current-clamp techniques with the selective KOR agonist enadoline (Pinnock, 1992) . However, it was important to further characterize the presynaptic and postsynaptic regulation by KOR using voltage-clamp techniques and a combination of evoked and miniature PSCs to advance our understanding of stress-induced alterations of KOR function. Here we found that behaviorally evoked endogenous ligand release can have different effects on pre-versus postsynaptic receptors within the same cell type of a brain region. SERT animals. Bottom, Excision of p38␣ reduced stress-induced phospho-GIRK-ir in the DRN compared with WT animals. Scale bar, 100 m. B, Schematic depicting indirect tyrosine phosphorylation of the GIRK channel by p38␣ MAPK following stress-induced dynorphin release and subsequent KOR activation.
